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Abstract: Transport of radioactive iodide 131I− in a structured clay loam soil under maize in a ﬁnal growing phase was
monitored during ﬁve consecutive irrigation experiments under ponding. Each time, 27 mm of water were applied. The
water of the second experiment was spiked with 200 MBq of 131I− tracer. Its activity was monitored as functions of depth
and time with Geiger–Mu¨ller (G–M) detectors in 11 vertically installed access tubes. The aim of the study was to widen
our current knowledge of water and solute transport in unsaturated soil under diﬀerent agriculturally cultivated settings. It
was supposed that the change in 131I− activity (or counting rate) is proportional to the change in soil water content. Rapid
increase followed by a gradual decrease in 131I− activity occurred at all depths and was attributed to preferential ﬂow. The
iodide transport through structured soil proﬁle was simulated by the HYDRUS 1D model. The model predicted relatively
deep percolation of iodide within a short time, in a good agreement with the observed vertical iodide distribution in soil.
We found that the top 30 cm of the soil proﬁle is the most vulnerable layer in terms of water and solute movement, which
is the same depth where the root structure of maize can extend.
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Introduction
Water movement through terrestrial subsurface has a
major role in agriculturally cultivated areas, as both
water and minerals that are essential for achieving good
crop growth can move below the root zone at diﬀerent
rates. In the meantime, climate change related threats
and concerns to agriculture are growing worldwide.
Many cultivated areas are experiencing increases in the
frequency and intensity of heavy rains, which can be fol-
lowed by long, dry, and hot spells (Hardy 2003; Faško
et al. 2008). These changes can lead to preferential wa-
ter ﬂow, surface runoﬀs, and/or soil degradation such
as erosion; therefore the quality of surface and ground-
water can deteriorate (Onderka & Pekárová 2008; Lich-
ner et al. 2013; Farkas et al. 13). Solute leaching into
the subsurface, e.g. diﬀerent types of contaminants es-
pecially nitrogen or organic pollutants, can cause an
adverse eﬀect on the habitats of both soil microorgan-
isms and plants (Horel & Schiewer 2014; Mortazavi et
al. 2013); therefore enhancing our knowledge on water
and diﬀerent solute transports through saturated and
unsaturated subsurface is vital to mitigate any possibly
harmful eﬀects that might occur to soil ecosystems.
Water and solutes can move preferentially in soils
containing macropores, bypassing much of the soil ma-
trix (Beven & Germann 2013). Preferential ﬂow has a
signiﬁcant inﬂuence on water movement through the
soil, especially in case of inﬁltration, drainage, and
speciﬁcally on solute transport. These substantial ef-
fects of preferential ﬂow via soil macropores and cracks
on solute transport were observed in clay and clay
loam soils by Dohnal et al. (2009). The authors in-
vestigated single- and dual-continuum data and found
that cumulative inﬁltration rates can be as much as 5
times higher when dual-continuum measurements and
simulation data were investigated compared to single-
continuum (Dohnal et al. 2009). Heterogeneous soil ma-
trices can generate non–equilibrium conditions between
solute concentration and pressure head between prefer-
ential ﬂow and soil matrix (Gerke 2006) resulting in
solute partially entering the heterogeneous soil proﬁle.
Several studies have been focusing on water and so-
lute transport in heterogeneous and variably saturated
soil matrices in the past several decades (Balashov et
al. 2014; Harter & Zhang 1999; Hardelauf et al. 2007;
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Twarakavi et al. 2010). Dušek et al. (2013) used the
one-dimensional dual-continuum model S1D Dual (Vo-
gel et al.2010) for simulations of transport of radioac-
tive iodide 131I− in a black clay loam soil under spring
barley in an early ontogenesis phase was monitored dur-
ing controlled ﬁeld irrigation experiment. It was found
that iodide bound in the soil matrix could be mobilized
by the surface leaching enhanced by mechanical impact
of water drops and transported below the root zone of
crops via soil cracks. It was found in another study by
Vogel et al. (2007) that even cadmium sorbed on soil
particles < 0.01 mm can be transported via soil macro-
pores in sandy-loam soil up to the depth of 65 cm.
Mathematical modeling of water and solute move-
ment through unsaturated soil matrices can be use-
ful tools to help understand the relationship between
measured water or solute concentrations and soil phys-
ical properties. We used HYDRUS 1D model to simu-
late iodide movement in unsaturated soil columns. In
the last several years, the HYDRUS models, such as
single-porosity or dual-permeability models, have been
used to estimate solute movements with high certain-
ties to measured data for both saturated and unsat-
urated soil matrices (Kodesova et al. 2009). Pang et
al. (2000) observed good correlations between measured
and simulated pesticide concentrations in unsaturated
soils based using HYDRUS 2D models. The authors
also found that preferential ﬂow could be responsible
for fast contaminant leaching into the subsoil (Pang et
al. 2000). Gardenas et al. (2006) compared the equilib-
rium, the dual porosity, and the dual-permeability mod-
els to measured data under tile-drained conditions and
found that among the three models the dual permeabil-
ity model had the best estimated values for preferential
ﬂow.
The aim of this study was to analyze the iodide
transport through clay loam soil under maize during
ﬁve consecutive irrigation experiments under ponding
following long hot, dry period, and to better understand
how water movement might aﬀect nutrients and min-
erals leaching below the root zone. The present study
was a part of a series of experiments with diﬀerent agri-
cultural crops of interest. The HYDRUS 1D software
package (Simunek et al. 2007) was used for simulating
the one-dimensional movement of water and iodide in
structured clay loam soil. Model predictions of iodide
transport were then compared with data from ﬁeld ir-
rigation experiment. The obtained results can help un-
derstand water, solutes or pollutants such as nutrient or
pesticides leaching under maize cultivated agricultural
ﬁelds. These results consequently can help mitigating
some negative eﬀects associated with the water/solute
transportation process.
Material and methods
Field experiment and soil
The present study embraces one of four experiments done
in the Experimental Station of the Research Institute of Ir-
rigation Bratislava in 1993–1996. The study area is located
in Most pri Bratislave village (48◦08′27′′ N, 17◦14′41′′ E),
and it is about 133 m above sea level. At the study site,
the average annual air temperature is 9.7◦C and the av-
erage annual precipitation amount is 554 mm. Hourly and
daily precipitation data during heavy rain events measured
at two meteorological stations in the southwest of Slovakia
were presented by Lichner et al. (2006). The soil is clas-
siﬁed as a Chernozem (WRB 2006) and has a clay loam
texture (Soil Survey Division Staﬀ 1993). The soil proﬁle
consists of three relatively homogeneous horizons. Physical
and chemical properties of the surface horizon were as fol-
lows: clay/loam/sand contents were 53/46/1%, CaCO3 con-
tent 11.2%, Corg content 1.9%, pH (H2O) 8.2, and pH (KCl)
7.8. Particle size distribution, bulk density and saturated
hydraulic conductivity in deeper depths at 0.1 m depth in-
crement are presented in Alaoui et al. (1997).
The experiment was performed at a 1 m × 1 m plot
under maize (Zea mays L.) in a ﬁnal growing phase. The
maize stalks were cut prior to the experiment. Experimen-
tal conditions were similar to those described by Dusek et al.
(2013). Concisely, a radioactive tracer technique developed
by Lichner (1992) was used to measure the tracer distribu-
tion in the soil proﬁle. The measuring probe, used to deter-
mine tracer concentrations, consists of a duralumin access
tube (inner diameter of 8 mm, outer diameter of 12 mm), in
which the Geiger–Mu¨ller detector (with the length of 21 mm
and the diameter of 6.3 mm) and the analog interface unit
are connected to a nuclear analyzer with a coaxial cable. The
counting rate recorded by the detector is directly propor-
tional to the activity of the radioactive tracer (IAEA 1975),
in this case to the mass of radioactive iodine occurring in
a cylindrical volume with the radius of a few centimeters
(the half-thickness of the contributing volume for the clay
loam soil and 131I is about 1 cm). It was supposed that the
change in 131I− activity is proportional to the change in
soil water content. Twelve probes were installed vertically
to the depth of 1.5 m on the plot before the irrigation had
started; however, only data from 11 probes were used in the
present paper due to non-representativeness of soil proper-
ties at one of the probes. Exact instrumentation of the soil
block is presented in Alaoui et al. (1997).
Five inﬁltration experiments, subsequently labeled run
1 to run 5, were performed under ponding conditions by pe-
riodically and gently sprinkling 27 mm of water (in runs 1,
3, 4, and 5) or iodide solution (in run 2) on the soil surface
into the conﬁned area of 1 m × 1 m. Water or iodide so-
lution were applied manually with a watering can in small
amounts such the ponding was maintained during inﬁltra-
tion and that its depth did not exceed a few millimeters.
Times, durations and average rates of the ﬁve inﬁltration
runs are presented in Alaoui et al. (1997). While the inﬁl-
tration durations varied amongst experiments (i.e. run 1, 2,
3, 4, and 5 durations were 1630, 4800, 7440, 10500, and 9300
seconds, respectively; Alaoui et al. 1997), for simpliﬁcation
purposes during simulation, these durations were assumed
to be equally 1 hour at each inﬁltration times (Fig. 1).
The soil–water retention curves for the three soil
horizons were measured by standard pressure plate ap-
paratus method on undisturbed soil samples and the hy-
draulic parameters were consequently obtained by ﬁtting
van Genuchten’s modiﬁed prediction model (Vogel et al.
2000) to data points. The measurements of the saturated
hydraulic conductivity Ks were carried out by tension in-
ﬁltrometer at three depths. Five replicate measurements
were conducted at each depth. The volumetric portion of
the macropore or preferential ﬂow (PF) domain, wf , was
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Fig. 1. Simulated vertical water ﬂux distributions in the soil proﬁle at the soil surface (secondary axis) and at the depth of 80 cm for
the SM and PF ﬂow domains (primary axis).
Table 1. Measured and estimated soil hydraulic properties. SM and PF refer to the soil matrix and preferential ﬂow domain, respectively.
Domain
Depth θr θs α n Ks hs wf
(cm) (cm3 cm−3) (cm3 cm−3) (cm−1) (–) (cm d−1) (cm) (–)
SM 0–55 0.011 0.489 0.049 1.203 15.7 –0.08 0.15
55–85 0.011 0.491 0.028 1.296 15.6 –0.16 0.15
85–100 0.011 0.488 0.007 1.287 16.9 –0.68 0.15
PF 0–100 0.050 0.600 0.145 2.680 700.0 0.00 0.15
estimated as 15% of the bulk soil. The retention curve pa-
rameters of the PF domain were also estimated based on
indirect soil and plot characteristics. The sensitivity of the
dual-continuum model to uncertainties associated with pref-
erential ﬂow parameters was studied by Dohnal et al. (2012).
Water and solute ﬂow and transport model
The HYDRUS 1D with two modules (single-porosity and
dual-permeability) was used to simulate solute transport
with the van Genuchten-Mualem hydraulic model. Although
two sets of modules were run using HYDRUS 1D, in
the present paper the main focus was given to the dual-
permeability module, as it showed to be more representative
to the ﬁeld conditions at the presented experimental site.
The Richards’ equation, which describes isothermal
Darcian ﬂow in a variably saturated rigid porous medium,
was used in both models. While single Richards’ equation
is used in the case of the single-porosity model, in the
dual-permeability model, which assumes that the porous
medium consists of two separate domains with speciﬁc hy-
draulic properties. the Richards’ equation is applied sepa-
rately to each of the two pore regions, i.e. the macropore
(fractures, larger pores) and matrix domains (Gerke & van
Genuchten 1993). Concepts of models for solute transport
correspond to water ﬂow models described above. The single
convection-dispersion equation for solute transport is used
for the single-porosity system. The dual-permeability for-
mulation for solute transport was based on two convection-
dispersion equations. In the present study, both set of hy-
draulic properties were modeled to simulate the solute ﬂow
through the soil matrices. The exchange of water and so-
lute between the matrix and the fracture domains was as-
sumed to be proportional to the local pressure diﬀerence
and the concentration gradient between the two pore sys-
tems. The dual sets of governing equations for water ﬂow
and iodide transport were solved numerically with a ﬁnite
element scheme using the HYDRUS 1D code (Simunek et
al. 2007).
The geometry of the model depth was set to 110 cm
where the ﬁrst 80 cm had measured values available to com-
pare simulation predictions, accordingly most results are
presented for the upper 80 cm of the soil proﬁle. Both, the
single-porosity and dual-permeability models were used to
simulate water ﬂow within the soil proﬁle with no hystere-
sis in the hydraulic model. Table 1 summarizes the soil hy-
draulic parameters for both SM and PF ﬂow domains. θr
and θs are the residual and saturated water contents, re-
spectively, hs is the air-entry value of Vogel et al. (2000),
and α and n are ﬁtting parameters. Soil proﬁle consisted of 3
layers (Table 1). In the case of the single-porosity model sce-
nario single set of the van Genuchten (1980) soil hydraulic
parameters with identical values as for SM domain’s water
ﬂow parameters (Table 1) was applied for each layers. In the
case of the dual-permeability scenario two sets (i.e. charac-
teristics of soil matrix and macropore domain) of the van
Genuchten (1980) soil hydraulic parameters for each layer
were applied. The same macropore domain fraction (wf =
0.15) was set for all layers. Soil physical values obtained in
previous study by Dusek et al. (2013) were used. The follow-
ing parameters describing water transfer between macropore
and matrix domain (Gerke & van Genuchten 1996) were ap-
plied: the dimensionless shape factor β (describing aggregate
shapes) was 15; the characteristic length of an aggregate
was 0.1 cm; the dimensionless scaling factor γ was equal to
0.4; and the eﬀective hydraulic conductivity Ka was 0.0157,
0.0156, and 0.0169 cm d−1, respectively, for the three soil
proﬁles from top of the soil surface.
For solute transport, dispersivity value of 5 cm was
used. The value of the molecular diﬀusion coeﬃcient of
iodide used in the present study was approximated to
be 1.38 cm2 d−1 (presuming 18◦C) and was assumed to
stay constant during the simulation period. The estimation
was based on previous studies conducted by Trevani et al.
(2000) where the authors investigated temperature depen-
dent diﬀusion coeﬃcients of iodide. Bulk density values of
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Fig. 2. Vertical iodide distributions in the soil proﬁle: a) – measured iodide proﬁles along the individual probes for t = 21 h (inﬁltration
of 27 mm of iodide solution); b) – simulated composite concentration and mean measured distribution with shaded area representing
measurement variability among 11 probes; c) – simulated liquid concentrations in the ﬂow domains.
1.6 g cm−3 within the soil proﬁle were used in the present
study, which were taken from a previous study (Nováková
2000). The distribution coeﬃcients were estimated based on
a study done by Bird & Schwartz (1996), where the authors
found that clayey silty/sand sediment and sand sediments
with low organic content had Kd values between 32 ± 1.1
and 0.1 ± 2.7 cm3 g−1, respectively. Values in the present
study for both the single-porosity and dual-permeability
models (Kdf = Kdm) were set to equal 0.1 cm3 g−1 for all 3
layers.
In the case of the single-porosity model scenario the fol-
lowing parameters characterizing solute behavior were ap-
plied: longitudinal dispersivity was set to 0 cm for the upper
2 layers and to 11 cm for the 3rd layer. The same param-
eters were applied in the matrix and macropore domain in
the dual-permeability scenario. The solute transfer coeﬃ-
cient characterizing solute transfer between the mobile and
immobile domains was set equal to 120 cm2 d−1.
Initial (IC) and boundary conditions (BC)
Measured iodide concentrations for solute and pressure
heads for water ﬂow prior to the experiment were used as
initial conditions within the ﬂow domain (in liquid phase
concentration). The iodide tracer was applied under pond-
ing conditions by periodically and gently sprinkling 27 mm
of iodide solution (in run 2) on the wetted soil surface into
the conﬁned area of 1 m × 1 m, as described above.
The upper boundary condition was set at atmospheric
BC with surface layer for both models. The water ﬂow
boundary conditions were set as free drainage at the bottom
of the soil proﬁle. The solute transport had the upper BC
set as concentration BC to allow the tracer to pass freely
to the lower boundary at the depth of 100 cm (Simunek et
al. 2007) and zero concentration gradient for bottom BC.
No rainfall had occurred for 14 days before the start of the
inﬁltration experiment, so the initial soil water pressure was
set to –1200 cm throughout the entire soil proﬁle for both
the single- and dual-permeability models. No evapotranspi-
ration was taken into account for the simulated period.
Results and discussion
The ﬁve inﬁltration experiments with the addition of
27 mm water at diﬀerent time intervals to the soil sur-
face is illustrated in Fig. 1 along with the simulated
dual-permeability model water ﬂux at 80 cm below the
soil surface for the SM and PF soil matrices. It can be
seen that during the ﬁrst 50 hours into the experiment,
the lower soil proﬁle had minimal change in the wa-
ter movement, while at later times, especially after the
last inﬁltration experiment, both SM and PF matrices
had signiﬁcant modiﬁcations in the water ﬂuxes (32.4–
70.2% and >400% for SM and PF, respectively; Fig. 1.).
These results help to understand the solute movement
through the heterogeneous soil proﬁle at the diﬀerent
time periods explained below.
Observed and simulated vertical iodide distribu-
tions in the soil proﬁle after irrigation of 27 mm of
iodide solution in run 2 are shown in Fig. 2. During
the ﬁrst 21 hours in the experiment, all probes showed
measurable iodide concentrations at 40 cm depth and
some probes even could get iodide values at 60 cm.
Measurement variability among the 11 probes is clearly
observable in Fig. 2a as each probe revealed a diﬀerent
transport path. The simulated average iodide concen-
trations in Fig. 2b show a deep inﬁltration, which is
in reasonably good agreement with the observed dis-
tribution data. When comparing the two soil matrices
with the separate hydraulic properties, the SM domain
shows rapid decrease in the solute concentration at the
ﬁrst 21 hours of the experiment with relatively low val-
ues below 20 cm (Fig. 2c). In contrast, the PF domain
has a signiﬁcantly lower iodide concentration at the soil
surface compared to SM domain, but the concentration
by depth is much less pronounced. The distinct and
sudden change at 55 cm could be attributed to the dif-
ferent hydraulic and soil properties of the separate PF
soil layers (Table 1). Without considering preferential
ﬂow eﬀects, iodide distribution was limited to the top
30 cm of the soil.
Observed and simulated vertical iodide distribu-
tions in the soil proﬁle after irrigation of 27 mm of
iodide solution in run 2 and 27 mm of water in run
3 are shown in Fig. 3. By the time the inﬁltration ex-
periment reached 49 hours an additional 27 mm of wa-
ter entered the system and the iodide concentrations
could be measured at the depth of 70 cm. Compared to
the values measured at 21 hour, most individual probes
showed less iodide concentrations at the soil surface
than at 10 cm depth (Fig. 3a). Conversely, the 11 probes
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Fig. 3. Vertical iodide distributions in the soil proﬁle: a) – measured iodide proﬁles along the individual probes for t = 49 h (inﬁltration
of 27 mm of iodide solution + 27 mm of water); b) – simulated composite concentration and mean measured distribution with shaded
area representing measurement variability among 11 probes; c) – simulated liquid concentrations in the ﬂow domains.
Fig. 4. Vertical iodide distributions in the soil proﬁle: a) – measured iodide proﬁles along the individual probes for t = 69 h (inﬁltration
of 27 mm of iodide solution + 54 mm of water); b) – simulated composite concentration and mean measured distribution with shaded
area representing measurement variability among 11 probes; c) – simulated liquid concentrations in the ﬂow domains.
showed high measurement variability at 10 cm depth,
while the 21 hour data had relatively close concentra-
tion values at the same depth (Figs 2a and 2b). The
simulated average iodide measurements in Fig. 3b also
show a deep inﬁltration, in relatively good agreement
with the observed distribution data. The simulated so-
lute transport in the SM domain shows similar trends
to the observed data for the upper 30 cm portion of
the soil column, while below 30 cm no eﬀects of iodide
concentration can be seen (Fig. 3c). In contrast, the PF
domain has a very low iodide concentration at the soil
surface by 49 hours into the experiment; however the
simulated values show a slight increase until the depth
of 30–40 cm. Without considering preferential ﬂow ef-
fects, iodide distribution was limited in the top 40 cm
part of the topsoil.
Observed and simulated vertical iodide distribu-
tions in the soil proﬁle after irrigation of 27 mm of io-
dide solution in run 2 and 54 mm of water in runs 3
and 4 are shown in Fig. 4. At 69 hours into the inﬁl-
tration experiment the amount of irrigation was at the
total of 81 mm including the 27 mm iodide solution. The
measured iodide concentrations reached at the depth of
70 cm, similar to the 49 hours data (Figs 3a and 4a). At
this experimental time period no probes showed higher
solute concentrations at the soil surface than values at
10 cm, where the individual probes showed further in-
crease in measurement variability (Fig. 4a). The simu-
lated average iodide concentrations in Fig. 4b also show
a deep inﬁltration; however, good agreement between
the observed and simulated distribution data only can
be seen deeper portions of the soil proﬁle (> 20 cm). In
the top 20 cm of the soil matrix, the model simulation
runs resulted in an underestimation of the solute con-
centration showing estimated values at the lower edge of
the measured interval (Fig. 4b). Both the measured av-
erage and simulated solute transport in the SM domain
shows similar trends to the observed data for the upper
30 cm portion of the soil column, while below 40 cm
no eﬀects of iodide concentration is visible (Fig. 4c). In
contrast, the PF domain has a very low iodide concen-
tration at the top 20 cm of the soil matrix with the
simulated values showing an increase until the depth
of 50 cm, where the values seem to level out (Fig. 4c).
Without considering preferential ﬂow eﬀects, iodide dis-
tribution was limited in the top 50 cm part of the top-
soil.
Observed and simulated vertical iodide distribu-
tions in the soil proﬁle after irrigation of 27 mm of
iodide solution in run 2 and 81 mm of water in runs
3, 4, and 5 are shown in Fig. 5. Data observed at 73
hours into the experiment was similar to the 69 hour
data where the overall inﬁltration amount was 27 mm
less. All individual observation probes showed increase
in iodide concentration from the soil surface to the
10 cm depth. Some probes even show to continue to
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Fig. 5. Vertical iodide distributions in the soil proﬁle: a) – measured iodide proﬁles along the individual probes for t = 73 h (inﬁltration
of 27 mm of iodide solution + 81 mm of water); b) – simulated composite concentration and mean measured distribution with shaded
area representing measurement variability among 11 probes; c) – simulated liquid concentrations in the ﬂow domains.
this elevated concentration until the soil depth of 30 cm
(Fig. 5a). However, when the average solute concentra-
tion is being evaluated (Fig. 5b), the model shows a less
pronounced increase in the concentration amount for
the ﬁrst 20 cm depth than the measured data. Similar
to previous observation time interval where 54 mm wa-
ter addition was applied (Figs 4 and 5), the lower (below
30 cm) soil proﬁles showed relatively good correlation
between measured and simulated data. The measured
average solute transport in the SM domain shows sim-
ilar trends to the observed data for the upper 40 cm
portion of the soil column, while below 50 cm no eﬀects
of iodide concentration are clearly visible (Fig. 5c). The
PF domain has a low iodide concentration at the top
20–30 cm of the soil matrix with the simulated values
showing an increase with depth (Fig. 5c).
Overall, at the beginning of the experiment, the
simulated solute concentration follows particularly well
the averagemeasured values (Figs 2b and 3b). However,
at later times the model seems to slightly underestimate
the solute amount at the upper 20 cm portion of the
soil column (Figs 4b and 5b). At deeper depths, 30 cm
and below, the measured and simulated concentration
values well correlate again. This result can highlight
the importance of the heterogeneity of the soil matrices
where the experiment took place. Jarvis (2007) found
that water pressure close to saturation can help gen-
erate non-equilibrium ﬂow and water can bypass drier
soil matrices, which further can support the substantial
diﬀerences in iodide values between observation nodes
(Figs 2a–5a). The diﬀerences between preferential ﬂow
and soil matrices greatly inﬂuenced the solute trans-
port and water movement in the soil proﬁle showing
that the soil matrices aﬀected only the top 20–40 cm of
the soil surface. Gazis & Feng (2004) found that it could
take several months for precipitation to reach at soil be-
low 40 cm, which is comparable to the present ﬁndings.
The single domain HYDRUS and the dual-permeability
models were used by Gerke & Kohne (2004) to investi-
gated bromide leaching under tile-drained agricultural
ﬁeld conditions. The authors found that both models
could simulate water movement through the soil rela-
tively well; however, the dual permeability model could
resulted a better approximation of the solute concentra-
tion when compared to measured data (Gerke & Kohne
2004). Similar study was done by Kodesova et al. (2005)
where the authors investigated chlorotoluron transport
through the soil proﬁle. The study found that water
regime has similar surface ﬂux values for both mod-
els with major diﬀerences observed mostly in the bot-
tom ﬂux estimations. The solute transport models on
the other hand showed that below the top 10 cm of
the topsoil, the substrate concentrations diﬀered sub-
stantially between models when matrix pores were in-
vestigated. In case of the dual–permeability model, the
solute moved deeper into the soil proﬁle compared to
single permeability model. After a rapid decrease, an
incline in concentrations were obtained in case of dual–
permeability model (Kodesova et al. 2005). Similar in-
creases, however much less pronounced, were observed
in the present experiment (Figs 2c–5c) when the pref-
erential ﬂow and soil matrix were investigated.
Water movement through heterogeneous subsur-
face, amongst the above mentioned preferential ﬂow
and soil hydraulic properties, also can be inﬂuenced
by evapotranspiration at the soil surface, which re-
duces the amount and the replenishment of soil wa-
ter at deeper layers. In general, crop growth depends
on the amount of precipitation. During long, dry pe-
riods or when evapotranspiration can exceed precipi-
tation amount, irrigation can be a necessary choice of
land management to avoid water stress and to ensure
proper crop development (Farkas et al. 2005). However,
it has been noted that during summer months the av-
erage evapotranspiration ranges between 2–5 mm (Liu
et al. 2002), which in the present experimental condi-
tions with cut down maize stalks should not be substan-
tial and assumed to be negligible. Although during the
present simulation evapotranspiration was not taken
into account, it could be an important part of the water
balance during the overall plant growing season. Sim-
ilarly, the hydraulic conductivity (Ks) was measured
and used this study based on given root structure from
the location; however, it is important to note that root
zones can additionally inﬂuence Ks values of the soil as
found by Steudle (2000).
As the rooting depth of maize can hardly exceed
30 cm at the turn of April/May, it can be concluded
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that about 2% of iodide, bound in soil matrix and mo-
bilized by the surface leaching enhanced by mechan-
ical impact of water drops, could be transported be-
low the root zone of crops via soil cracks after appli-
cation of 100 mm water and the following 12 h redis-
tribution period. It should be noted that 3 h precipi-
tation of more than 127 mm was registered in this re-
gion e.g. on 10.7.1999; therefore the amount of water
used in the present experiment can be representative
for the location. The diﬀerent rates of water and so-
lute ﬂow through the subsurface showed the importance
of careful preparation of agricultural management sys-
tems. During intense precipitation events the leaching
of nutrients that are important for crop growth can oc-
cur, while in more homogeneous soil matrices suﬃcient
amount of fertilizer can be still available. Leaching ions
through the soil proﬁles should be carefully analyzed,
as Phillips & Burton (2005) found a rapid leaching of
surface applied fertilizer below the root depth and into
the groundwater, resulting water pollution. Therefore,
further study of water and solute movement in soils un-
der diﬀerent agricultural crops, plant growing phases,
and soil cultivation techniques is necessary to further
improve land management systems and lessen possible
environmentally adverse eﬀects associated with cultiva-
tion.
Conclusions
We can conclude that observed iodide distributions
in the soil proﬁle showed a relatively deep percola-
tion within a short amount of time, which resulted in
an underestimation of iodide concentration at upper
soil layers. In the present experiment this upper soil
layer extended to 30 cm, which is approximately the
same depth as the extent of maize root structure. The
dual–permeability approach can allow a more adequate
approximation of the ﬁeld data, as leaching through
macropores are expected under non homogeneous soil
conditions. By using data for the soil matrix and also
for the preferential ﬂow in modeling proved to be a very
useful tool for evaluation of ﬁeld irrigation experiments
conducted in structured soils. The present study helped
to understand that preferential ﬂow can substantially
inﬂuence solute movement deeper into the subsurface,
therefore allowing it to reach groundwater table at a
faster rate compared to a homogeneous soil matrix.
Conversely, further research should concentrate to cou-
ple modeled and measured data to advance diﬀerent
land management systems to support soil sustainabil-
ity and to decrease possible soil degradation processes.
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